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Introduction
Strategies for the development of new catalysts suitable for multielectron redox reactions of small molecules that are fundamental to nascent energy technologies such as solar fuel and fuel cells often take inspiration from Nature where such reactions are catalysed by metalloenzymes that contain precisely-organised bi-or multimetallic reaction sites. 1 As such, the design of ligands that can promote the construction of bi-and multimetallic complexes that imitate or surpass enzymes as catalysts in these processes have both a long held fascination and increasing strategic significance. 2 In particular, numerous studies have been carried out on binuclear complexes of cofacial and Pacman diporphyrins and their corrole relatives as they have been shown to manage the multiple electron and proton inventory for a variety of redox reactions of small molecules including O 2 , H 2 O, N 2 , and CO 2 . 3, 4 These binucleating ligands provide precisely-controlled primary coordination environments for the metals, coupled with the ability to organize their intraspatial separation, which results in a well-defined bimetallic reaction microenvironment. However, the multi-step synthetic routes to these compounds are challenging, and, as an alternative, we, and Sessler and co-workers, reported independently synthetic procedures to a series of straightforwardly-prepared, binucleating Schiff-base calixpyrrole macrocycles (H 4 L) that adopt "double-pillared" Pacman geometries on metal coordination. 5 In relation to the chemistry of small molecules, binuclear Fe(II) complexes of these macrocycles were shown to react with oxygen to form the oxo-bridged compounds [Fe 2 (-O)(L)], 6 while binuclear Co(II) complexes reduce and retain dioxygen within the macrocyclic cleft to form mixtures of the peroxo complex [Co 2 (-O 2 )(L)] and the superoxo cation [Co 2 (-O 2 )(L)] + . 7 Significantly, these latter cobalt Pacman complexes were shown to catalyse selectively the four-electron, four-proton reduction of dioxygen and furthermore, the mechanism of this reaction is thought to be similar to that for the cobalt diporphyrin analogues, in that the superoxo cation [Co 2 (O 2 )(L)] + is believed to be the catalytically-relevant species. 8 Disappointingly, it was found that the rate of catalysis was very low with limited turnover, and it was reasoned that this was a consequence of the formation of the redox inactive peroxo complex and single-atom bridged species such as [Co 2 (-OH)(L)] + .
In order to access more catalytically-active binuclear complexes, it therefore appears important that the design of the bimetallic microenvironment should favour the formation of diatom-bridged intermediates over singleatom-bridged species. This rationale has been used to good effect in binuclear diporphyrin chemistry, in particular that related to oxo-atom transfer and oxygen evolution, where the use of bulky meso-mesityl substituents on the porphyrin rings causes the two metalloporphyrin units to 'spring' apart and to disfavour the formation of inhibitory oxo-and hydroxo-bridges. 9, 10 In our case, we reasoned that two complementary ligand design approaches could be used to overcome the problems associated with mono-atom bridged complexes and to favour the formation of diatom-bridged complexes: (i) the incorporation of more sterically-hindering meso-substitutents that would promote both a lateral twist and open the mouth of the cleft, and (ii) the use of elongated aryl hinges between the two N 4 -donor compartments (Chart 1). These approaches make use of the intrinsic modularity of our ligand synthesis in that it is straightforward to modify the meso-substituents and aryl backbone as these components are derived from readily-available ketones and aromatic diamines.
Chart 1.
Ligand design strategies to disfavour single-atom-bridged binuclear complexes.
Herein we describe our initial research into two new macrocyclic ligand designs that use sterically-rigid fluorenyl meso-substitutents or anthracenyl aryl backbones to generate new classes of binuclear macrocyclic Pacman complexes.
Experimental Section

General
The syntheses of diethyl-2,2'-dipyrromethane, 11 2,2'-dipyrro-9-fluorene, 12 recorded on a Bruker ER200D spectrometer operating at 9.14 GHz, and IR spectra were recorded on a JASCO FT/IR 460 Plus spectrometer in the range 4000-400 cm -1 . Electrospray mass spectra were recorded using a Thermo LCQ instrument and electron impact mass spectra using a Thermo MAT 900XP
spectrometer. Elemental analyses were carried out by Mr. Stephen Boyer at the London Metropolitan University. UV-vis spectra were recorded in THF or CH 2 Cl 2 on a PerkinElmer Lambda 900 UV/VIS/NIR Spectrophotometer.
Synthesis of 9,9-bis(5-formylpyrrole-2-yl)fluorene, 2 -Neat POCl 3 (0.69 mL, 7.41 mmol) was added dropwise to a stirred solution of 9,9-bis(pyrrole-2-yl)fluorene (1.00 g, 3.38 mmol) in DMF (10 mL) at 0°C, during which the colour changed from red to red-brown. The mixture was stirred for 1 h at room temperature, after which the solution was cooled down to 0°C and quenched by addition of H 2 O (20 mL). Aqueous KOH (2M) was added slowly until the solution became strongly basic and colourless solids had precipitated. The solution was then boiled for 1 h, the solids collected by filtration, washed with water (3 × 50 mL) and dried under vacuum to yield 1.01 g, 85% of 2 as a colourless powder. MeOH into CH 2 Cl 2 , respectively, and the crystal structures determined (Figure 1 ). Crystal data are displayed in Table 1 and selected bond lengths and angles are detailed in Table 2 . (displacement ellipsoids are drawn at 50% probability). (14) 1.392 (7) 1.398 (9) N2-C2 1.376 (7) 1.380 (5) 1.356 (10) 1.389 (12) 1.389 (7) 1.373 (7) N2-C5 1.362 (7) 1.361 (6) 1.338 (10) 1.355 (12) 1.331 (6) 1.361 (8) C3-C4 1.413 (8) 1.406 (7) 1.382 (14) 1.389 (14) 1.381 (8) 1.373 (10) C4-C5 1.377 (8) 1.370 (6) 1.396 (13) 1.397 (13) 1.399 (7) 1.405 (8) M1-N1 --2.043 (7) 1.945 (7) 1.974 (4) 2.082 (5) M1-N2 --1.933 (7) 1.866 (7) 1.871 (4) 1.933 (5) M1-N3 --1.931 (7) 1.970 (8) Table 1 and selected bond lengths and angles in Table 2 . (Table 3) . 17 While crystal packing does appear to have an effect on these structural parameters, for example as seen in the series of complexes [Cu 2 (L)], they remain useful as a way of gaining some comparative insight into a series of interrelated compounds. 17 As a result of avoiding a steric clash between the endo-substituents both aryl-meso-substituted complexes display more Figure 3 ) and crystal data are shown in Table 1 with selected bond lengths and angles in Table 2 . Table 3 ). All other bond distances and angles are similar to those seen in previously reported examples. Figure 4 with crystal data in Table 1 and selected bond lengths and angles detailed in Table 2 . ) ] is increased significantly compared to the analogues derived from 1,2-diaminobenzene; as such, the metals should be sufficiently distant to favour the formation of diatom-bridged complexes. Significantly, the two N 4 -donor compartments adopt a cofacial conformation in the solid state as a result of the -stacked double-pillared arrangement of the anthracenyl hinges. We are currently investigating the formation of transition metal and f-element complexes of these new ligands and the effect that these designs have on their structural and catalytic chemistry.
